Abstract: Thermodynamic stability conditions for nanoparticles (resulting from nonnegativity of the second variation of the free energy) have been analyzed for two cases: (i) a nonvolatile nanosized particle with the size-dependent surface tension; (ii) the limiting case of larger objects when the surface tension takes its macroscopic value. It has been shown that the mechanical stability of a nanoparticle, i.e. its stability relative to the volume ®uctuations, is de ned by an interplay between the excess (\surface") free energy and the volumetric elastic energy. According to the results obtained, noble gas clusters and metal nanoparticles satisfy the mechanical stability condition. At the same time, water nanodrops, as well as nanoparticles presented by nonpolar organic molecules, correspond to the stability limit. Among the investigated systems, the stability condition is not carried out for n-Pentane clusters.
Introduction
The nanoparticle stability is of theoretical and practical interest in view of many promising nanotechnologies. Taking into account that the manufacture of nanosized machines, circuits, and devices seems to be quite realistic, the problem of their existence and stable operation becomes a priority.
In 1956, J. von Neumann [1] outlined the ways by which reliable systems (organisms) synthesize unreliable elements by means of the structural redundancy.
z There is little doubt that redundancy renders a system more reliable. However, the principle of structural redundancy has overshadowed the material science aspect of the machine's synthesis problem. In realistic applications, there appears to be contradiction between Neumann's principle and the up-to-date problem of the structural miniaturization. The above contradiction may not be entirely reduced to the arrangement of a great number of duplicating elements in very small volumes. Soon after the monograph [1] publication, R. Feynman [2] noted that if some details (elements) contain only 100 atoms, the probability that they are absolutely perfect copies of one another is about 0.5 %. Properties of small objects do not simply scale down in proportion to their size. As Feynman puts it, \At the atomic level, we have new kinds of forces and new kinds of possibilities, new kinds of e®ects" [2] . In particular, these e®ects may result from quantum laws and an increase of°uctuations. Such°uctuations (including volume°uctuations) can yield the loss of the particle stability. Obviously, the stability of a particle should depend on its size and the material from which it is made, as well as the external conditions. The instability of a particle can grow dramatically under extreme conditions, e.g. under external pressure jumps or electron injections [3] . The current work here further considers the development and re¯nement of stabilizing nanosized particles [4] . In the present paper, the thermodynamic stability condition has been analyzed to assess its e®ects on mechanical stability conditions, i.e. the nanoparticle stability relative to volume°uctuations. The above problem has not been considered before.
A thermodynamic approach to the nanoparticle stability problem
Let us consider a spherical nanoparticle of volume V 1 characterized by some e®ective radius R and located in the medium 2. It has been also assumed that the small object in question undergoes to the omnidirectional compression or stretching without noticeable deviations from its initial (spherical) form. Such a model is adequate to nanodroplets of molecular liquids and high temperature melts, globular clusters and compact nanocrystals in gaseous or liquid medium. Some deviation from the spherical shape is not a di±culty of principle. Following to [5] , the e®ective radius R of an aspherical particle may be de¯ned as
where A is the particle surface area. The notions of the particle radius and surface area have been previously discussed [6] [7] [8] .
The Helmholtz free energy F of the system [a small object (corresponding to the maternal condensed phase 1) -environment (vapor-gaseous phase 2)] may be presented as the sum of two volumetric termsF i (i = 1; 2) and the excess free energy Ã. Free energy Ã will be also referred to as the surface energy, though at R ! 1, only Ã = ¼ 1 A, i.e. is it proportional to the surface area A. Here, ¼ 1 is the macroscopic value of the speci¯c surface free energy, coinciding for the equimolecular dividing surface with the surface tension ® 1 . Following to [6] [7] [8] , the e®ective speci¯c excess surface energy
The elementary variation of the i-th bulk phase free energy may be written as
where S i is the entropy of i-phase, T i is the absolute temperature (in what follows it is assumed that T 1 = T 2 = T ), · i is the chemical potential, and N i is the number of molecules (ions) in the i -phase. The interpretation of the phase pressure p i of the nanosized objects faces some problems. However, in development of [5] [6] [7] , we will show that the phase pressure p i can be found from the equation of statep i = p i (T ; V i ) for the bulk maternal phase. Then, the variation of the excess free energy ª may be presented in the next form
Under the additional conditions that the system under consideration is isothermal (T i = const), and mechanically (V = V 1 + V 2 = const) and chemically (N = N 1 + N 2 = const) isolated, the¯nal expression for¯F =¯F 1 +¯F 2 +¯ª may be written as
From (4) the next equilibrium conditions follows
where
is the partial vapor pressure of the main component the small object consists of.
x In the thermodynamics of surfaces, it is usually assumed that¯¼ ² 0. Such an assumption is quite adequate for liquids when the new surface is absolutely identical to the initial boundary. However, J. W. Gibbs noted [9] that¯¼ 6 = 0 if the new surface is formed after a strain (expansion) of the initial surface. This case for solid corresponds to the surface stretching or compression. The quantity ¬ = ¼ + A@¼ /@A was referred to by J.W. Gibbs as the second surface tension. It seems obvious, then, that for the omnidirectionally strained small object,¯¼ 6 = 0, not only for solid particles but also for liquid droplets. So, there is an interesting analogy between the deformed solid surface and the omnidirectionally stretched (compressed) particle. A more detailed discussion of this topic will be the focus of a future paper.
The mechanical stability should be interpreted as the stability relative to an increasinḡ V 1 of the equilibrium volume V 1 , under the assumption that the particle is nonvolatile (¯N 1 = 0). It thus follows that nonvolatile substances are most promising as the designable materials used in nanotechnologies. Under the above additional assumptions, the thermodynamic stability condition is reduced to the non-negativity of the second variation of the free energy:
In what follows the term A¯2¼ will be neglect as it is very small and goes to zero in the frames of the approximation [6] [7] [8] 
used in this work. In (8) K = K (p 1 ; T ) is the proportionality coe±cient between ¼ and R, R ch is the characteristic (critical) value of the small object radius corresponding to the size range of the linear dependence transition ¼ = K R validity [5] { .
In our previous paper [4] , the derivative (@¼ /@V 1 ) T1;N1 was estimated in two ways: (i) in terms of the derivative (@¼ /@p 1 ) T1;N1 ; (ii) using the expression
found on the basis of the thermodynamic perturbation theory [6] [7] [8] . Here © 0 (r) is the non-perturbed pair potential describing the intermolecular (or in the case of metal particles k , e®ective interionic) interaction. The radial distribution function g 0 (r) of the non-perturbed bulk maternal phase, n 1 = N 1 /V 1 , is the concentration (the number of molecules or ions density) in the maternal phase 1. The volume V 2 = V ¡ V 1 should be chosen with respect to the pair potential e®ective radius. The¯rst way (i) of the derivative (@¼ /@V 1 ) T1;N1 estimation seems to be not promising as the experimental data on the ¼ (p) dependence are rather scanty and obtained for the macroscopic case only. From (9) in [4] formula
{ The linear formula ¼ s = K s R s was rst derived for the surface tension (the subscript s) by A.I.
Rusanov [10] . However, it has been shown [6] [7] [8] that such a formula will also be satis ed in the case of the equimolecular dividing surface. k For molecular system © 0 (r) = ©(r). In other words, perturbation, i.e. taking the volume V 1 of the in nite bulk phase does not change the form of the pair potential.
was found. The modules of the numerical multiplier in the right-hand side of (10) coincides with the exponent of n 1 in expression (9) . As the value of this multiplier may be critical for the conclusion about the stability or instability of the nanoparticle in question, it is expedient to de¯ne that multiplier more exactly. With this purpose, we will take into account, that the multiplier 4º R 2 = A in the left-hand side of (9) as well as the integral
also depend on V 1 . Di®erentiating the right-and left-hand sides of (9), we obtain
Here¸=¸0 + ¢¸and¸0 = 2 + 2/3 = 2:67 are the dimensionless constants, ¢¸= ¡ V 1 I ¡1 @I /@V 1 is a small corrected term in¸. As shown in Appendix, the term ¢¸can be neglected and, respectively,¸= 2:67. The independent estimation of the parameter¸can be carried out, using the semiempirical expression for ¼ 1 , obtained in [10] 
whereṼ is a reduced volume, m and q are the exponents in the Mie potential characterizing the attraction and repulsion respectively. In [10] it was supposed that the system can be polymeric, i.e. the pair potential may be attributed not only to the whole spherical molecules but also to the interacting centers of chain-like molecules. For the Lennard-Jones potential,m=6, q=12. Respectively, neglecting the repulsive forces, we obtain¸= (m + 2)/3 = 2:67 that exactly coincide with the value found from (9) with no assumption on the form of the pair potential © 0 (r). The¯nal formula for the second variation of F is
n 2 ½ n 1 where i is the isothermal compressibility of the i-bulk phase. If the phase 2 is presented by the vapor-gases medium, i.e. is small, we can assume that V 2 ! 1.
So, for the nanosized region, i.e. for R < R ch , the equation (14) may be rewritten as
may be interpreted as a characteristic value of the parameter K corresponding to the limit of the object stability. In Table 1 , the values of K ch are compared with the experimental [11] and calculated [6] [7] [8] values of the parameter K for the nanodrops of molecular liquids and for metal nanoparticles. According to the table, in the case of water and metals, the stability condition is carried out as for noble gases (K < K ch ). The conclusion about the stability of noble gas clusters and metal nanoparticles is indirectly con¯rmed by the fact that such clusters have been observed and studied [15, 16] . Another indirect con¯rmation of the above is the fact that for small metal drops, there is only scanty experimental data on the parameter K [11] .
For organic molecular liquids, K º K ch , i.e. corresponds to the stability limit. The only case (among the investigated systems) when K > K ch corresponds to n-Pentane.
The large particle radius R (R >> R ch ) formula (14) can be rewritten as
From (16) the next criterion equation follows
If¸= 2:67, the right-hand side of (17) will be equal to 3/(12¸+ 2) = 0:115. The estimations of the function f (a) carried out for the di®erent classes of the substances (see Table 2 ) have shown that f (a) = (3:3 ¥ 6:8) ¢ 10 ¡2 , i.e. this value changes in the rather small limits. According to [6] [7] [8] , (17) is always satis¯ed. So, R ¶ R ch , the small object satisfying the thermodynamic equilibrium conditions (5-7) should be stable.
Conclusion
From the formal mathematical point of view, the loss of the mechanical stability means that after a volume°uctuation¯V 1 , the small object does not return into its initial state corresponding to the equilibrium value V 1 of its volume. Obviously, such a situation may be brought about by two scenarios: (i) the decay of the object to separate molecules or smaller clusters; (ii) a polymorphous phase transition. According to the results of the previous section, the loss of mechanical stability can be expected at R µ R ch = ¼ 1 /K only. The conclusion seems to be physically adequate, as distinguishing between the bulk and the surface regions becomes impossible just at R µ R ch . Thus, structural rearrangements in the small object may result in its decay or in a polymorphous transformation. The above conclusion agrees with the results of both laboratory [17] and computer [18] experiments. According to Hall et al. and Samsonov et al., icosahedral (Ih) and decahedral (Dh) silver nanoclusters exist in 2 nm-size range [17, 18] . The basic concept of our theoretical model, i.e. interpretation of the particle stability in the terms of an interplay between the internal stains energy and the e®ective \surface" energy, agrees with previous reports [17, 18] .
It is noteworthy, however, that in frames of our model, all the volumetric properties of the small object (including the isothermal compressibility) correspond to the initially chosen bulk maternal phase 1. Respectively, the compressibility should not be varied to take into account internal strains resulting from some polymorphous transformations speci¯c for nanosized clusters only. At the same time, all the speci¯cs for nanosized region transformations will in°uence on the value of the excess \surface" free energy Ã = ¼ (R) ¢ A. So, the speci¯c strains into account, and, in principle, our thermodynamic approach can be developed to predict more favorable (more stable) structures among a set of possible ones. However, such a modi¯ed approach may be practically applied if the reliable values of the parameter K , speci¯c for each cluster structure, are obtained from an experiment or on the basis of theoretical treatment.
The values of K used in this paper should be interpreted as loose enough averaged quantities obtained when not taking into account speci¯c polymorphous cluster modi¯cations. So, our present approach makes possible to predict the size region only in which stable nanoparticles can exist corresponding to the given bulk maternal material. Particularly, our approach predicts the existence of stable silver nanoclusters for R µ R c = ¼ 1 /K = 3 nm that agrees with the experimental data [17] (the value ¼ 1 = 1140 mJ /m 2 for°at solid silver surface was taken from [19] ).
According to Table 1 , metal nanoparticles up to the size of order of 1 nm are promising as designable materials in nanoscale manufacturing. The result seems to be quite reasonable. Contrary to this, greater stability of noble gas clusters in comparison with organic particles seems a bit unexpected and paradoxical. At the same time, stability of noble gases clusters and the existence of so called \magic number" of molecules N 1 (for which argon clusters are especially stable) were reported in [15] . Obviously, stability of noble gas clusters may be explained by closer packing of their atoms in comparison with organic particles. Of note is the fact that our preliminary results show indicate the stability is crucially crowing for polymer particles in comparison with chemically similar simple organic substances.
Appendix
The estimation of the correction term ¢¸=
The method used for the estimation of ¢¸is similar to that by Kirkwood applied to derivation of the state equation in frames of the correlation functions method [20] . Let us introduce into consideration the formal parameter ¶ corresponding to the linear transformationr ! ¶r, i.e. to the increasing of all the linear sizes in ¶ times. In what follows it is assumed, however, that the e®ective molecular diameter ? is not undergone to the above transformation. So, the transformation in question will correspond to a real omnidirectional strain of the volume V 1 . As dV 1 = 3V 1 d ¶ / ¶ , the expressions for the integral I and the derivative @I /@V 1 may be rewritten as
Replacing V 1 by ¶ , we¯nd
The second integral in (1) may be easily estimated if the radial distribution function g 0 (r) is approximation by step-like Heaviside's step function
In frames of the approximation (2) @g 0 ( ¶ r)/@ ( ¶ r) =¯( ¶ r ¡ a), where¯(r) is Dirac's -function. Respectively, the second integral in (1) the is zero:
as © 0 (a) = 0 by de¯nition. The further calculations will be carried out for the modeling Lennard-Jones potential
Here " is its energetic parameter (the potential well depth). So,
where © rep (r) = 4" (a/r) 12 is the repulsive part of the potential (3). Respectively,
As I rep > 0 and I < 0, a conclusion can be made ¢¸< 0. As the same time, the nonstrained state, for which the value of the derivative @I /@V 1 is estimated, corresponds jI rep /Ij ½ 1. So, ¢¸º 0, i.e. this correction term may be neglected. The numerical estimation con¯rm the above conclusions: ¢¸= 0:02 ¡ 0:03. Non-negativity and smallness of the derivative @I /@V 1 agree with simple physical consideration. Really, the omnidirectional stretching of the volume V 1 should result in some increase in the interaction energy with its surrounding in the maternal phase. At the same time, the nondeformed (equilibrium) state of the maternal phase is characterized by hri º R 1 , where R 1 is thē rst coordination sphere radius. Then, respectively, (@©/@r) r=R1 º 0. Halides of alkaline metals 3:4 ¥ 4:7 Table 2 The values of the function f (a) for di¬erent substance classes.
